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Sulfur  is an essential  mineral  nutrient  for plants,  therefore,  the  pathways  of  its  uptake  and  assimilation
have  been  extensively  studied.  Great  progress  has  been  made  in elucidation  of  the  individual  genes  and
enzymes  and their  regulation.  Sulfur  assimilation  has  been  intensively  investigated  by  –omics  technolo-
gies  and  has  been  target  of  several  genome  wide  genetic  approaches.  This  brought  a  signiﬁcant  step  in
our  understanding  of  the regulation  of  the  pathway  and its  integration  in cellular  metabolism.  However,
the  large  amount  of  information  derived  from  other  experiments  not  directly  targeting  sulfur  has  also
brought  new  and  exciting  insights  into  processes  affecting  sulfur  homeostasis.  In this  review  we  will inte-ystems biology
enome wide association
lucosinolates
lutathione
grate the  ﬁndings  of  the  targeted  experiments  with  those  that  brought  unintentional  progress  in sulfur
research,  and  will discuss  how  to synthesize  the  large  amount  of information  available  in various  repos-
itories  into  a meaningful  dissection  of the regulation  of  a speciﬁc  metabolic  pathway.  We  then  speculate
how  this  might  be used  to further  advance  knowledge  on  control  of sulfur  metabolism  and  what  are  the
main  questions  to be answered.
©  2015  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an open  access  article  under  the CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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. Introduction to sulfur research
Sulfur is an essential nutrient for all organisms due to its
groups, iron sulfur centres, coenzyme-A, thiamine, lipoic acid, S-
adenosylmethionine, glutathione, and many more. Plant sulfur is
also an important component of two major classes of natural prod-unction in a large variety of processes. It is a vital component
f proteins through the amino acids cysteine and methionine
nd an active constituent of numerous coenzymes and prosthetic
Abbreviations: APS, adenosine 5′-phosphosulfate; GWAS, genome wide associ-
tion study.
∗ Corresponding author.
E-mail address: skopriva@uni-koeln.de (S. Kopriva).
ttp://dx.doi.org/10.1016/j.plantsci.2015.09.014
168-9452/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access
c-nd/4.0/).ucts, the glucosinolates in Brassicaceae and alliins in Allium species.
These secondary metabolites are not just defense compounds for
the plants; they are the basis of smell and taste of cruciferous veg-
etables, garlic and onion and offer signiﬁcant health beneﬁts. These
multiple roles of sulfur are mainly consequences of its ability to
readily change its oxidation state [1].Sulfur is abundant in nature, for example, the oceans contain
28 mM sulfate. The oxyanion sulfate is the major form of inorganic
sulfur, which serves as a source for the biotic world, for aquatic
 article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Fig. 1. Scheme of sulfate assimilation with compartmentation of the key steps. APS—adenosine 5′-phosphosulfate; PAPS—3ı´-phosphoadenosine 5′-phosphosulfate; OAS—O-
acetylserine; OPH—O-phosphohomoserine; Cyst—cystathionine; HCyst—homocysteine; R OH—hydroxylated acceptor of sulfate group; GS-X—glutathione conjugated with
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iompound X; SiO—sulﬁte oxidase; ATPS—ATP sulfurylase; APR—APS reductase; 
ransferase; -ECS—-glutamylcysteine synthetase; GSHS—glutathione synthetase;
S—threonine synthase; SOT—sulfotransferase; GST—glutathione S-transferase. Mo
s well as terrestrial organisms. However, most metabolites con-
ain reduced sulfur as organic sulﬁde. Consequently, to use the
bundant sulfate, organisms must invest energy into its reduction.
ulfate assimilation is, therefore, not an ubiquitous pathway. Meta-
oans and most parasitic bacteria do not reduce sulfate, and many
acterial and archae taxa specialize in oxidizing reduced forms of
ulfur for energy production [2]. Sulfate uptake and assimilation
re essential parts of plant primary metabolism. Plants serve as a
ource of reduced sulfur for animal and human nutrition.
.1. Sulfate metabolism
Sulfate (SO42−) is taken up and distributed throughout plant
issues by sulfate transporters, a family of membrane proteins dif-
ering in localization and afﬁnity to sulfate [3]. The transporters
re therefore divided into 4 distinct groups. High afﬁnity sulfate
ransporters of group 1 in the roots are responsible for entry of
ulfate into the plant. Low afﬁnity group 2 transporters enable the
oading and unloading of sulfate to and from xylem and phloem.
roup 3 transporters transport sulfate through plastid membranes
nd enable its reduction. Transporters of group 4 are localized in
he tonoplast and facilitate export of stored sulfate from the vac-
oles. Altogether, plants contain 10–16 transporters. Some species
lso contain specialized transporters, e.g. for transport of sulfate
nto legume nodules (SST1 in Lotus) or in mycorrhiza symbiosis [1].
reen algae and many eukaryotic microalgae additionally possess a
odium-sulfate/carboxylate co-transporter family shared with ani-
als and bacterial-like ABC transporters in plastid envelopes. These
ave been retained even in some basal plants such as the liverwort
archantia. Sulfate inﬂux into the vacuole is the last major ﬂux of
ulfate for which the corresponding transporter has not yet been
dentiﬁed [3].APS kinase; SiR—sulﬁte reductase; OAS-TL—OAS thiollyase; SAT—serine acetyl-
cystathionine -synthase; CBL—cystathionine -lyase; MS—methionine synthase;
 from [85].
Once sulfate enters the cell, it can be stored in the vacuole or
directly enter the assimilation pathway. Plants can incorporate sul-
fate into bioorganic molecules either after reduction to sulﬁde, or
in the oxidized form through sulfation reactions (Fig. 1). The former
pathway has traditionally been called primary sulfate assimilation,
whereas the pathway leading to sulfated metabolites is the sec-
ondary pathway [4]. Both pathways share a common intermediate,
adenosine 5′-phosphosulfate (APS) produced from sulfate and ATP
by ATP sulfurylase. APS can be reduced by APS reductase to sulﬁte
(SO32−), which is subsequently reduced to sulﬁde (S2−) by sulﬁte
reductase. Sulﬁde is incorporated into the amino acid skeleton of
O-acetylserine to form cysteine, the ﬁrst product of primary sulfate
assimilation. Cysteine is the source of reduced sulfur for synthe-
sis of methionine and all other metabolites containing reduced
sulfur. Alternatively, APS can be phosphorylated by APS kinase to
3ı´-phosphoadenosine 5′-phosphosulfate, which serves as sulfate
donor for the sulfation reactions in biosynthesis of a large range of
metabolites, such as the peptide hormones phytosulfokines, brassi-
nosteroids, sulfojasmonate, sulfoﬂavonoids, and the glucosinolates
[1].
1.2. Short history of research in regulation of sulfate assimilation
Sulfate assimilation is under strict control. This is particularly
important for the primary pathway, as the synthesis of cysteine
merges assimilation of sulfate, nitrate, and carbon. These pathways
must be coordinated. Sulfur containing compounds have numerous
essential functions in the plant life cycle so that their synthesis must
be maintained. However, the intermediates in sulfate reduction,
sulﬁte and sulﬁde, are highly phytotoxic and their levels must be
carefully controlled. Indeed, sulfate assimilation is tightly regulated
according to demand. The pathway is down-regulated when plants
S. Kopriva et al. / Plant Science 241 (2015) 1–10 3
Fig. 2. A co-expression network of genes induced by sulfate deﬁciency. The network is redrawn from the image produced by NetworkDrawer function of the ATTED-II
database [87] after search of genes co-expressed with APR3 isoform of APS reductase. The regulation of these genes in several sulfate deﬁciency transcriptomics experiments
is  shown in Table 1. The genes forming the O-acetylserine cluster, i.e. genes directly regulated by O-acetylserine [28], are marked in grey. APR1, APR2, APR3–isoforms of APS
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feductase; ATPS3–isoform of ATP sulfurylase; SULTR4;1, SULTR4;2–tonoplast loca
nduced; GGCT2;1 - -glutamyl cyclotransferase 2;1, previously annotated as ChaC-
mino acid transporter; MSR  B5–putative methionine sulfoxide reductase B5.
re offered reduced sulfur compounds—cysteine, glutathione, sul-
te, or H2S; or when nitrate or carbon is limiting. Sulfate uptake
nd primary assimilation are induced by sulfur limitation, light,
arbohydrates, or amino acids, as well as by oxidative stress and
ther conditions which trigger increased demand for glutathione
reviewed in [1]).
While the physiological responses of the pathway have long
een established, the molecular mechanisms are far from being
ully elucidated. The key control steps of the pathway are the uptake
f sulfate and the reduction of APS, as documented by ﬂux control
nalysis as well as through analysis of natural variation in sulfur
elated traits [5,6]. Sulfate transporters, particularly of group 1,
nd APS reductase are therefore highly regulated [1]. For example,
reatment with cysteine or glutathione strongly down-regulate sul-
ate uptake and APS reductase, but have no effect on ATP sulfurylase
r sulﬁte reductase [6]. Similarly, sulfate uptake and APS reductase,
ut not all steps of the pathway, are induced by sulfate deﬁciency,
lucose, and O-acetylserine [1]. Still, strong reduction in function
or each other component of the sulfate assimilation pathway, ATP
ulfurylase, sulﬁte reductase, serine acetyltransferase and sulﬁte
xidase, signiﬁcantly affects plant sulfur homeostasis and often also
rowth [7–10].
Many reports combining expression analysis and biochemi-
al characterization of plants after different treatments showed
hat the pathway is transcriptionally regulated. Indeed, sulfate
nd nitrate deﬁciency, glutathione or sucrose trigger coordinated
p- or down-regulation of transcript levels, protein accumula-
ion, and enzyme activity [1,11]. Several transcription factors and
ow-molecular weight signals responsible for regulation of the
athway have been identiﬁed (reviewed in [11]), However, post-
ranscriptional and post-translational regulation also contribute to
ontrol of the pathway. This is demonstrated, e.g., by the action
f microRNA miR395 that binds to transcripts for three isoforms
f ATP sulfurylase and sulfate transporter SULTR2;1. The miR395
aused cleavage of the transcripts is an important part of the sul-
ate starvation response [12]. In addition, APS reductase and APSulfate transporter; SDI1, SDI2–Sulfur deﬁciency induced; LSU1, LSU2–Low Sulfur
mily protein; SHM7–isoform of serine hydroxymethyltransferase; AAT?—putative
kinase are redox regulated [13,14]. These ﬁndings resulted mostly
from genetic screens or analyses of transgenic plants. In the last 15
years, however, plant research has been revolutionized by global
indirect approaches, generating large amounts of information in
single experiments. These approaches enabled the discovery of
new components of regulatory networks as well as previously
unknown links between different pathways and processes. This is
certainly true of sulfur research, which has been at the forefront
of the establishment of systems biology in plant science [15–19].
Here we  summarize how systems biology approaches, and tech-
nological developments such as next generation sequencing and
high throughput genotyping have generated ‘Big Data’ which have
helped to increase our understanding of plant sulfur metabolism.
We assess how the vast amount of information generated using tar-
geted and untargeted approaches can be used to inform research
focused on a single metabolic pathway.
2. Systems biology of sulfur metabolism
2.1. Sulfur metabolism as a model for systems biology
The global –omics approaches entered the world of sulfur
research in 2003 with 3 seminal papers on global transcrip-
tomics response of Arabidopsis to sulfate deﬁciency [15,17,19].
The effect of sulfate deﬁciency on sulfate uptake and assimila-
tion has frequently been described, but little was  known about
the global effects of this condition. The three groups used differ-
ent experimental designs and different platforms, measuring the
expression of 8000–16000 genes. The different set ups addressed
additional questions, showing that the response to sulfate deﬁ-
ciency overlaps strongly with the effect of disruption of SULTR1;2
transporter [19] or with treatment with O-acetylserine [17]. The
response of short term starvation is similar to long term starvation
[15]. Importantly, the previously shown transcript accumulation
of genes for sulfate uptake and assimilation was conﬁrmed. How-
ever, because of using different platforms and ways of reporting,
4 S. Kopriva et al. / Plant Science 241 (2015) 1–10
Table  1
Genes consistently regulated by sulfate deﬁciency. Shown are the genes regulated in all three initial transcriptomics reports [15,17,19] and the SLIM1 paper [21], genes of
the  O-acetylserine cluster [28], and genes presented in Fig. 2. Data are presented as fold change in S deﬁcient conditions compared to full nutrition. Missing values mean that
the  genes were not on the particular array or were not signiﬁcantly regulated.
AGI Reference and dataset Annotation
[21] [17](-S leaf) [17](-S root) [15] (R2.2) [19](LL v HH)
AT1G75280 7.1 2.4 1.7 7.8 7.5 NADPH oxidoreductase
AT1G76680 3.2 1.5 2.2 2.3 5.7 12-Oxophytodienoate reductase (OPR1)
AT4G14030 2.0 1.2 1.9 2.8 3.0 Selenium-binding protein like
AT5G10180 6.9 1.0 1.3 3.5 2.7 Sulfate transporter SULTR2;1
OAS cluster AT4G21990 4.5 2.0 1.2 5-Adenosine phospho-sulfate reductase APR3
AT5G48850 88.8 Sulfur deﬁciency induced 1 (SDI1)
AT1G04770 4.6 Sulfur deﬁciency induced 2 (SDI2)
AT5G26220 86.2 13.7 Gamma-glutamyl cyclotransferase 2ChaC-like family protein,
AT1G36370 5.7 9.0 Serine hydroxymethyl-transferase SHM7
AT3G49580 92.9 Low sulfur induced 1 (LSU1)
Fig. 2 AT3G12520 6.2 Sulfate transporter SULTR4;2
AT5G24660 16.4 Low sulfur induced 2 (LSU2)
AT3G56200 4.2 Putative amino acid transporter.
AT5G13550 1.9 3.1 1.6 Sulfate transporter SULTR4;1
AT4G14680 2.0 1.9 ATP-sulfurylase APS3
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AT1G62180 2.6 1.4 2.1 
here is only a limited overlap between the results with only
 genes signiﬁcantly up-regulated in all three reports (Table 1).
evertheless, the conclusions on processes affected by the treat-
ents were consistent in that sulfate deﬁciency triggers a different
esponse in the shoots and in the roots, induces genes involved
n jasmonate and auxin synthesis and represses genes encoding
he biosynthesis of glucosinolates [20]. Jasmonate is a stress signal
hat induces defense systems other than those utilizing glutathione.
ncreased auxin synthesis impacts root architecture facilitating
ncreased secondary roots density. Reduced synthesis of glucosino-
ates and induction of genes for their degradation represent a sulfur
aving mechanism. Four more microarray experiments of sulfate
tarvation have subsequently been reported, embedded within
arger studies: (1) combination with metabolomics experiment
18], which helped to identify the desulfo-glucosinolate sulfo-
ransferases in biosynthesis of glucosinolates; (2) identiﬁcation of
egulator of sulfate starvation response SLIM1, an EIN3-like tran-
cription factor responsible for induction of sulfate transporters
nd many other genes by sulfate deﬁciency [21]. The microarray
ata helped to ﬁnd genes regulated by SLIM1; (3) the AtGenEx-
ress, an international effort to enhance the knowledge of gene
unction in Arabidopsis [22]; and (4) study of a sulfate deﬁciency
nd resupply [23]. Besides the speciﬁc answers within the individ-
al reports, the general outcome of the microarray experiments,
erformed with a larger ATH1 chip and thus covering ca. 3 times
ore genes than the original transcriptomics studies, has not sub-
tantially changed and the same genes and processes were found
egulated in all experiments. The full complement of genes reg-
lated by sulfate deﬁciency is, however, not known yet, since all
vailable expression data originate from microarrays and not RNA
equencing.
Together the transcriptomic experiments revealed a common
luster of genes that are speciﬁcally highly regulated by sulfate
eﬁciency (Fig. 2, Table 1). Known genes of sulfur metabolism
re in the center of the cluster: the three APS reductase isoforms,
wo sulfate transporters, both exporting sulfate from the vacuoles,
nd ATPS3 isoform of ATP sulfurylase. The other genes in the
luster have one thing in common, their function was  unknown
hen they were ﬁrst found in the lists of genes upregulated by
ulfate starvation [15,17,19]. This is reﬂected in annotation of some
f these genes as RESPONSE TO LOW SULFUR (LSU) and SULFATE
EFICIENCY-INDUCED (SDI). Others can be identiﬁed as parts of1.2 5-Adenosine phospho-sulfate reductase APR1
2.5 Methionine sulfoxide reductase B5
4.0 5-Adenosine phospho-sulfate reductase APR2
multigene families but without an obvious function in sulfate deﬁ-
ciency response. However, given the consistency that these genes
were found in different sulfur related experiments, their functions
have been addressed recently in different laboratories. The small
Low sulfur induced (LSU) proteins, four in Arabidopsis, seem to be
involved in protein–protein interactions as well as modiﬁcation of
function of other proteins/pathways [24]. The cation transport reg-
ulatory protein-like protein has been identiﬁed as actually being a
-glutamyl cyclotransferase, involved in glutathione homeostasis
[25]. Others will surely follow shortly, enabling a better under-
standing of the mechanisms of the response to sulfate starvation
and the roles of the individual highly regulated genes in these pro-
cesses. Two  genes highly, speciﬁcally, and consistently induced by
sulfate deﬁciency are not part of the cluster, sulfate transporters
SULTR1;1 and 1;2. These genes are root speciﬁc and therefore the
statistical signiﬁcance of the overall correlation with APS reductase,
used for the clustering is lower than the threshold and the genes
do not appear in the cluster depicted in Fig. 2.
The main reason sulfate starvation has become a landmark for
systems biology was  the development of tools allowing connec-
tion of transcriptome and metabolome data into single networks
[16,18]. These networks enabled dissection of putative causality
and have thus been useful for a deeper understanding of the pro-
cesses affected by sulfate deﬁciency and even discovery of new
links, e.g. to anthocyanin accumulation or an auxin regulatory
loop [16]. In an alternative approach, the construction of gene-
metabolite networks resulted in discovery of new gene functions
[18]. The identity of three sulfotransferases catalyzing the last
step of glucosinolate synthesis has been inferred from the corre-
lation of gene expression and metabolite accumulation [18], which
has been one of the major early achievements of systems biol-
ogy moving away from a simple description of regulated genes
and/or metabolites. The discovery phase has been continued by
identifying transcription factors MYB28 and MYB29 as regulators
of synthesis of aliphatic glucosinolates by co-expression analy-
sis of –omics data [26,27]. The forefront of sulfur research in
systems biology has been conﬁrmed by a recent report show-
ing how data mining of sulfur-unrelated data can give insights
into regulation of the response to sulfate deﬁciency [28]. Using
metabolomic and transcriptomic data from experiments aimed at
resolving the response to transfer from light to dark and from diur-
nal series, a cluster of six genes directly regulated by O-acetylserine
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as been discovered (Table 1) [28]. The in silico results have
een conﬁrmed by analysis of transgenic plants overproducing
-acetylserine in an inducible manner. The conclusions are impor-
ant for the ﬁeld, as they conﬁrmed a proposed but controversial
ole of O-acetylserine as a regulatory signal [28]. The innovative
ethod of data mining used in the study can serve as a bench-
ark for further exploitations of –omics data available in various
epositories.
.2. Some more –omes
The –omics technologies had been long dominated by the three
ig classes: transcriptomics, proteomics, and metabolomics, how-
ver the sufﬁx “–ome” became very popular and new derivatives
ave been created and frequently used, some with a direct link to
ulfur research. Firstly, ionomics revolutionized analyses of plant
ineral nutrition, due to the possibility of determining almost all
lements (with the unfortunate exception of nitrogen) using induc-
ively coupled plasma mass spectrometry [29]. Ionomic data from
rabidopsis accessions have been used for genome wide association
tudies (GWAS) [30] but also for directed studies including sulfur
see below) [31]. The use of ionomic data enabled the identiﬁcation
f a sodium channel AtHKT1 as being responsible for variation in
odium content [32]. More relevant for sulfur research, ionomics
ased analysis of variation in molybdenum content revealed that a
ransporter traditionally annotated as sulfate transporter SULTR5;2
s actually a molybdenum transporter [33]. Total sulfur data are
vailable not only for the accessions but also for many mutants,
hich so far awaits exploitation.
A term translatome has been coined to describe all mRNAs
hat are associated with ribosomes [34]. The translatome thus
ncludes only a subset of the transcriptome, the translationally
ctive mRNAs. This is relevant because transcript recruitment
o ribosomes represents another level of regulation, particularly
nder stress. The translatome has been used to identify cell-speciﬁc
ranscripts, since ribosomal proteins tagged for immunoprecipi-
ation can be expressed from tissue- and cell-speciﬁc promoters
35]. Translatome studies became signiﬁcant for sulfur research in
 study of the function of bundle sheath cells in Arabidopsis, aimed
t the evolution of C4 photosynthesis. It revealed a coordinated
referential expression of genes for sulfate transport, assimila-
ion, and glucosinolate synthesis in these cells compared to the
hole leaf [36]. Bundle sheath localization of sulfur metabolism is
ot unusual, as this is the norm in monocotyledon C4 plants [37],
ut it is surprising in Arabidopsis. The biological consequences and
volutionary drivers for such speciﬁc expression are not known.
nother ﬁnding from a study unrelated to sulfur metabolism can
e linked to the bundle sheath localization. Elegant experiments
sing grafting of two distant Arabidopsis accessions revealed that
housands of mobile mRNAs were transported between root and
hoot or shoot and root [38]. Interestingly, sulfur metabolism is
mong the top pathways enriched in the mobile mRNAs. Again, the
onsequences of these ﬁndings for our understanding of control
f sulfur metabolism and their biological relevance are currently
nknown, but ﬁnding genes of sulfur metabolism in both these
tudies points to a functional signiﬁcance [36,38]. It is possible to
peculate that mRNA mobility between the organs is part of shoot-
oot coordination of sulfate assimilation to ﬁne tune the pathway
n the whole plant level and that the bundle sheath localization of
he pathway is the pre-requisite to the mobility. This speculation,
owever, requires rigorous experimental testing..3. Genome scale metabolic models
Experimental techniques have improved and continue to
enerate larger, more complex datasets. Consequently data inter-nce 241 (2015) 1–10 5
pretation has become more problematic, with initial analysis of
results often devolving into a search for statistically enriched
gene ontology annotations. The annotations are, however, still
incomplete, making the interpretation difﬁcult. For example, the
newly discovered -glutamyl cyclotransferase 2;1 in glutathione
metabolism has been annotated as a cation transport regulatory
protein [25]. Genome scale models of metabolism provide a use-
ful scaffold for the synergistic amalgamation of different ‘omics
datasets, with software tools allowing intuitive visualization of
results overlaid on metabolic pathways [39]. They also provide
a suite of accessible methods for further mathematical analyses
[40,41].
Historic difﬁculties of incorporating complex of aspects of plant
biology such as compartmentation of reactions both within the cell,
and within specialized tissues, have led to simplistic models in only
a small number of plant species [42,43]. This consequently lim-
ited use within the sulfur community. Recent higher quality, tissue
speciﬁc models have begun to appear for diverse organisms, includ-
ing Brassica napus,  and even for genetically complex cereals. These
allowed insight into various physiological processes. For exam-
ple, analyzing energy costs of amino acid synthesis revealed that
most efﬁcient utilization of energy requires simultaneous uptake
of nitrate and ammonium [44]. Related to sulfur metabolism, a ﬂux
balance analysis revealed that glucosinolate synthesis accounts for
ca. 15% of total photosynthetic energy costs [45]. This analysis, how-
ever, makes one false presumption, unfortunately common to many
published metabolic models. The model ignores sulfate reduction
for synthesis of cysteine and uses H2S as sulfur source [45], strongly
limiting its usefulness for studies of sulfur metabolism.
Genome scale models can be used for guidance as to the cor-
rect engineering strategy when manipulating the content of several
families of sulfur containing secondary metabolites, using the
plethora of analytical methods developed by the microbial com-
munity for this purpose. However the scale and complexity of plant
metabolic networks makes this a daunting task and we are not
aware of the successful use of this approach to date.
Although challenges remain for this young ﬁeld, particularly in
representing changes in non-enzymatic gene products, and their
usefulness in guiding metabolic engineering strategies in plants
remains unclear, it seems likely that the use of genome scale mod-
els at least as data-structures for the incorporation of ‘Big data’ will
certainly continue to increase.
3. Quantitative genetics and Big Data
The collection of marker data from large genotyping experi-
ments as well as sequencing of Arabidopsis accessions from the
1001 Arabidopsis project are different categories of Big Data. [31]
These enabled the wide use of natural genetic variation in Ara-
bidopsis reserach. Once the sets of recombinant inbred lines or
accessions have been genotyped, the same genotype information
can be used for analyzing multiple phenotypes in quantitative
genetics approaches. Quantitative trait loci (QTL) analyses using
biparental crosses were the forerunners in identiﬁcation of genes
responsible for variation in a number of traits [46]. QTL analyses in
Arabidopsis Col-0 × Ler and Ler × Cvi-0 populations helped to ﬁnd
and clone loci and genes quantitatively and qualitatively control-
ling glucosinolate content [47]., APR2 isoform of APS reductase was
found to be responsible for variation in sulfate levels using differ-
ent populations derived from Bay-0 and Shahdara accessions [5].
A variation in a single nucleotide in Shahdara results in an amino
acid change close to an active site of the corresponding protein,
leading to lowered afﬁnity to one of the substrates, glutathione,
and to a decrease in reaction velocity. The Shahdara allele of APR2
is almost inactive in vitro and is basically a natural gene knock
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ut. Since APR2 is responsible for some 75% of the total APS reduc-
ase activity in the leaves, the lower APS reduction rate results in
educed ﬂux through sulfate assimilation and the accumulation of
ulfate [5]. A second QTL was cloned from the same population
eading to a surprising ﬁnding of variation in ATPS1 isoform of ATP
ulfurylase, the enzyme preceding APS reductase in the pathway
f sulfate assimilation (Fig. 1), responsible for part of the varia-
ion in sulfate levels [8]. ATPS1 is also the major isoform of the
nzyme in the leaves and contributes about 50% to the total ATP
ulfurylase activity. The link between the QTL and the phenotype
as again straightforward; lower ATP sulfurylase activity leading
o less ﬂux through sulfate assimilation pathway and the accumu-
ation of sulfate. The two variations are reciprocal between the two
ccessions, whereas Shahdara possesses a weak allele of APR2, the
ess active ATPS1 is found in Bay-0, and the two loci act additively
8]. The mechanisms of activity reduction are also different, APR2
as inactivated by a non-synonymous nucleotide polymorphism;
he variation in ATPS1 is based on differences in transcript levels,
aused most probably by a deletion in an intron of ATPS1 gene in
ay-0.
The QTL analyses did not uncover new regulatory circuits, as
he importance of APS reductase and ATP sulfurylase for control
f the pathway has been well documented before. The major lim-
tation of QTL mapping is that it only exploits variation between
wo genotypes, but the number of gene haplotypes in wider popu-
ations is much larger. Such variation can be exploited by genome
ide association studies (GWAS) [48]. Wider use of GWAS has been
nabled thanks to a large amount of sequence data from Arabidop-
is accessions both in forms of markers (and platforms) [49,50].
he collections of accessions have been optimized for large varia-
ion [51]. The availability of such a large amount of genotyping data
rovides a useful tool by itself, as it allows GWAS to be performed in
 sufﬁciently large population on any phenotype of interest, with-
ut being limited to using a speciﬁc collection [30], or even the
odel plant Arabidopsis. GWAS has been successfully performed
ith rice, wheat, B. napus,  and other plant species [52], including
nalyses of traits related to sulfur metabolism.
GWAS was successful in ﬁnding candidate genes for the control
f sulfate accumulation in leaves of B. napus [53], but not for the
ariation in total sulfur levels in Arabidopsis [30]. Instead, an alter-
ative approach, using crosses between two accessions with high
Hod) and average (Col-0) total sulfur, resulted in a linkage of a less
unctional allele of APR2 to high sulfur [31]. A non-synonymous
olymorphism in Hod APR2 allele results in inactivation of the
nzyme, similar to the previously described Shahdara allele of APR2
5]. The two responsible nucleotides are, however, different in the
ccession. The exploitation of natural variation within Arabidopsis
as not stopped there. The information on sequences of hundreds
f accessions from 1001 Arabidopsis genome project has been used
o obtain additional insights into the relationship between APR2
nd total sulfur and/or sulfate contents [31]. The Shahdara and Hod
lleles of APR2 are unique in the 1135 accessions sequenced so far.
ive further rare alleles have been tested and a third polymorphism
nactivating the APR2 enzyme was found in the Swedish accessions
ov-1, Lov-5, Fal-1, and Tfa-08. Correspondingly, these four acces-
ions accumulated sulfate and total sulfur [31]. Transcript levels
f APR2 in these accessions are similar to Col-0, so that all varia-
ion in activity is caused by the non-synonymous polymorphisms.
hus, the same gene has been inactivated three times indepen-
ently in Arabidopsis, in accessions from Sweden, Czech Republic
Hod), and Central Asia (Shahdara), pointing to a crucial role of APR2
n the control of sulfur homeostasis. The story is, however, not that
imple. While Hod and the Swedish accessions possess high sulfur
nd sulfate levels, this is not true for Shahdara. In this accession
he link between APR2 and sulfate is seen only in the recombi-
ant inbred lines, otherwise sulfate and sulfur levels are similarnce 241 (2015) 1–10
to Col-0. Since the loss of APR2 in Col-0 background also leads to
accumulation of sulfate and sulfur, Shahdara must possess an addi-
tional mechanism that prevents this accumulation despite low APS
reductase activity and ﬂux through sulfate assimilation [5,31].
The consideration of these results in the context of adapta-
tion of Arabidopsis and selection of new traits, however, allows
two contrasting interpretations. On one hand, it seems reassuring
that genes responsible for natural variation in a trait are identi-
cal to genes predicted by ﬂux control analysis or other modelling
approaches to control ﬂux of the pathways linked to the particular
trait [5,6]. Targeting such genes with relatively large effects on the
pathway ensures that the trait, sulfate or sulfur accumulation, is
substantially affected. In contrast, the fact that APR2 has been dis-
rupted at least three times independently in Arabidopsis can be an
indication that the increase in sulfate and sulfur content caused by
this disruption has no ﬁtness effect. In fact, the adaptive function
of high sulfate content in environments as different as at the ori-
gins of the three accessions is not evident. It is, however, possible
to speculate that it is not the sulfate or sulfur content that is impor-
tant for the adaptation, but the reduced ﬂux through the sulfate
assimilation pathway. At least two  of the accessions, Shahdara and
Lov-1, originate from habitats with high light input, but suboptimal
temperatures for growth. The high production of reduction equiv-
alents could be used for sulfate reduction and increased synthesis
of cysteine and glutathione and therefore a shift in cellular redox
balance. The key enzyme of the reduction pathway might thus be a
good target for inactivation in order to prevent such high produc-
tion of reduced sulfur compounds. In order to test the hypothesis
at least some experiments would have to move from the laboratory
to the ﬁeld.
The ATPS1 variation found in Bay-0 and Shahdara was also
further exploited with the help of the 1001 Arabidopsis Genome
project. Only the comparison of the QTL results with sequence data
from other accessions helped to identify the deletion in intron 1
as responsible for the variation in ATPS1 transcript accumulation.
Multiple accessions of the haplotype with deletion (Bay-0-like) had
lower ATPS1 mRNA levels and higher sulfate content than Col-0 and
Shahdara-like [8]. An accession with a gene variation resulting in
inactivation of the ATPS1 enzyme, similar to APR2, was also found
[54]. Thus, the sequences of Arabidopsis accessions in the 1001
genome are an excellent tool for identifying variations in a gene
of interest that can be used for the dissection of structure/function
relationship of enzymes and even to identify natural knock-outs.
Such analyses are particularly efﬁcient when information about
active sites of the enzymes is available. Such information allows
focusing on analysis of a manageable number of haplotypes. The
availability of protein structure is another factor highly improving
the impact of such studies [54].
The variation in glucosinolates was  successfully analysed by
GWAS in Arabidopsis as well as in B. napus [55,56]. GWAS of
96 Arabidopsis accessions conﬁrmed a large number of previ-
ously identiﬁed QTLs from biparental populations [56]. The GWAS
results were compared with co-expression networks to ﬁnd new
genes that had no known association with glucosinolate biosyn-
thesis [56]. This approach resulted in identiﬁcation of previously
unknown putative links between glucosinolate accumulation and
the circadian clock, blue light signaling, Erecta,  and chlorophyll
catabolism. Variation in these pathways is connected with variation
in accumulation of at least some glucosinolates. The combination of
GWAS and co-expression networks, e.g. through ATTED-II database,
is a very promising way to identify the most promising candidate
genes from long lists of potentially associated genes. In B. napus a
variation of a GWAS approach, associative transcriptomics, which
is based on genotyping by RNA sequencing, connected variation
in expression of the transcription factor MYB28 and glucosino-
late transporter to variation in seed glucosinolate content [55].
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emarkably, differences in gene expression levels in leaves among
he accessions rather than nucleotide polymorphisms were used
or the analysis but were successfully linked to variation in glu-
osinolate content in the seeds [55]. In addition, the associative
ranscriptomics provided robust information with as little as 83
ccessions [53], making it a valuable tool for studying non-model
lants species.
. Away from Arabidopsis-centrism
Sulfur is not important only for Arabidopsis. Many plant species
roduce various sulfur containing secondary metabolites which
ave diverse important functions. The traditional systems biol-
gy approach was limited to the model species, but with the
mprovements in technology and reduced costs, other species can
e studied in detail. Thus, apart from the previous categorization of
lucosinolates across the Brassicacae [57] only the complement of
ulfur-containing compounds from onion have been characterized
o far [58]. Mutants in genes for sulfur metabolism can be found in
ifferent databases for other species, e.g., rice, Medicago, and Lotus,
ut these have not been systematically exploited. Microarray or
NAseq data are available from many plant species, even including
amples from the ﬁeld, but none of them are directly related to sul-
ur availability or metabolism. Nevertheless, such data can be very
nformative for speciﬁc questions about the interaction of sulfur
etabolism with other cellular processes.
For example, sulfur metabolism in C4 plants has been of interest
or a long time, especially regarding its intercellular localization in
he leaf [37]. The introduction of C4 photosynthesis in C3 plants is
onsidered to potentially increase the productivity of crop plants
59]. Transcriptome analyses of closely related C3 and C4 species
s well as C3–C4 intermediates have been used to identify the
ecessary mechanisms for such transfer and to understand the
volutionary processes that trigger the transition from C3 to C4
hotosynthesis [60,61]. These studies produced sets of transcrip-
omic data that can be used to answer speciﬁc questions of sulfur
etabolism, unrelated to Arabidopsis.
Transcriptomic data for nine species of the genus Flaveria includ-
ng C3, C4, and C3–C4 intermediate plants as well as the direct
omparison of Cleome spinosa (C3) and Cleome gynandra (C4) were
sed to analyze the transcript abundance of genes involved in sul-
ate assimilation [62]. The expression levels of isoforms of APR
ncreased in the C4 species of both genera, which might point to
 greater need for reduced sulfur in C4 photosynthetic plants, as
ndicated in previous biochemical studies [62]. These differences
n the transcriptomic data require further analysis, but provide an
xcellent basis to investigate the signiﬁcance of sulfate assimilation
n the evolution from C3 to C4 plants.
In addition to plants, two model species of algae were used to
issect global sulfate deﬁciency responses, the freshwater green
lga Chlamydomonas reinhardtii and marine haptophyte Emilia-
ia huxleyi [63,64]. RNA sequencing experiments showed that
any responses to sulfate deﬁciency are conserved among the
wo algae and plants, despite the large evolutionary distance, e.g.,
he up-regulation of sulfate transport and assimilation. Conversely,
hereas in plants and Chlamydomonas sulfate deﬁciency triggers
 slowdown of metabolism and about the same number of genes
re down-regulated as up-regulated, in E. huxleyi the response to
his treatment is increased activity and 90% of affected genes are
p-regulated [64]. This probably reﬂects the adaptation to high sul-
ate concentration in seawater. Whether such active response is
ossible also in terrestrial plants and whether it would improve
he tolerance to limited sulfur availability is an open question.
The only resources that are freely available and easily
xploitable, are the genomic sequences of various organisms whichnce 241 (2015) 1–10 7
serve as a source of new genes. Gene variants can be used to
manipulate the metabolic pathways and to understand the molec-
ular mechanisms of function of the enzymes involved in sulfur
metabolism. Many enzyme variants and fusions evolved among
the eukaryotic algae [2] but are still awaiting functional char-
acterization. Such protein variants can be useful for creation of
transgenic plants with increased ﬂuxes through sulfate assimila-
tion, as they are not expected to undergo the normal feedback
regulation. This would improve the provision of reduced sulfur, e.g.
to increase methionine content resulting in improved nutritional
quality, or to stimulate synthesis of phytochelatins and improve
tolerance to heavy metals or increase potential for phytoremedia-
tion. Of course, sometimes too much of a good thing can be harmful.
Overexpression of bacterial APS reductase in plants resulted in
accumulation of sulﬁte and thiosulfate and tissue damage [65].
When a less kinetically efﬁcient variant of the same enzyme from
the moss Physcomitrella patens was  used for transformation, the
plants showed increased synthesis of reduced sulfur compounds
without adverse effects [66]. However, given the still ongoing
debate on genetic modiﬁed organisms, the potential use of such
genes in crop improvement programs is questionable, at least in
Europe, particularly when the diversity of alleles in natural acces-
sions is only now being fully appreciated. An example of such a
successful use of a natural allele in breeding is the high glucosino-
late broccoli. This variety accumulates glucoraphanine, precursor
of the isothiocyanate sulforaphane with well established health
improving properties [67]. The glucosinolate content was  increased
by crossing of commercial broccoli with its wild relative Brassica
vinosa, introducing a highly active allele of MYB28, controlling
expression of genes for aliphatic glucosinolates [68].
5. How can Big Data be useful for sulfur research?
Huge data resources are now available that support almost any
kind of research. Their use is, however, connected with several pit-
falls. The most obvious problem is how to ﬁnd the needle in the
haystack, the relevant information in all the data? User-friendly
platforms, that are intuitive for non-specialists are rare. Online
platforms, such as GENEVESTIGATOR [69] and eFP browser [70],
allow ﬁnding information about regulation of speciﬁc genes in
hundreds of conditions. However, 99% of these are usually irrel-
evant, because the plant organ, developmental stage, or time point
does not correspond to oneı´s own  experimental setup and biologi-
cal question. For example, because SLIM1 is part of the EIN3-like
family of transcription factors, it would be interesting to know
whether mutants in ethylene signaling show altered expression of
sulfate assimilation genes. There are several microarray data from
ethylene insensitive 2 (ein2) mutant in GENEVESTIGATOR, but only
in connection with pathogens, elicitors, or senescence. Only one
experiment has data from untreated Col-0 and ein2, which would
be useful to test, whether the genes are affected in the mutant.
The data, however, has been obtained from seedlings grown in
liquid culture with sucrose, and so under conditions completely
irrelevant for studying a pathway of nutrient assimilation. Sim-
ilarly, another potentially very useful microarray and chromatin
precipitation dataset of ein3 mutant has been reported linking the
binding of the transcription factor to promoter with changes of
gene expression [71]. These data come from three days old etio-
lated seedlings, again, a developmental stage largely irrelevant for
sulfur metabolism. Metadata concerning the experimental setup
is thus as important as the actual array data. The possibility of
visualization of gene co-expression networks, e.g. the ATTED-II
platform can be useful for designing experiments to ﬁnd functions
of unknown genes. However, we  are not aware of such an exam-
ple from sulfur research. For other, non-Arabidopsis databases, one
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eeds certain knowledge on the gene nomenclature of the species
f interest as well as on the physiology of the organism to ﬁnd
he relevant information. The second big issue is reproducibility.
he effects of laboratory-to-laboratory variation on morphology,
ranscriptome, and metabolome of Arabidopsis have been clearly
bserved [72]. As an example from sulfur research, salt treatment
howing signiﬁcant regulation of APS reductase in GENEVESTI-
ATOR, when reproduced in the laboratory did not result in any
hanges in expression [73]. It is therefore always necessary to sup-
ort the in silico data with experimental data.
Clearly, many examples of how targeted Big Data exper-
ments resulted in signiﬁcant increase in understanding of
ifferent aspects of plant sulfur metabolism have been pre-
ented here. The assignment of function to new genes, such as
esulfo-glucosinolate sulfotransferases or MYB28/MYB29, through
ranscriptome/metabolome networks particularly demonstrated
he power of systems biology [18,26]. There are, however, also
uccess stories showing how data in the repositories can be use-
ul. Iterative group analysis using the available transcriptome data
evealed signiﬁcant overlaps between the effects of reduced glu-
athione content and auxin regulation, leading to linking redox
egulation and auxin transport in control of root growth [74]. The
est example is the identiﬁcation of an “O-acetylserine-cluster”,
omposed of genes directly controlled by O-acetylserine [28].
everal novel transcription factors potentially controlling sulfur
ignaling have been proposed based on co-expression networks
pon sulfur deﬁciency and resupply [23]. The data is there, what
re the most important questions?
Although some transcription factors controlling sulfur
etabolism have been identiﬁed, surprisingly little is known
bout their molecular function. This starts with not knowing the
xact nature of how SLIM1 regulates the response to sulfate deﬁ-
iency if its transcript levels are not affected [21]. The knowledge
f regulatory networks of the few transcriptions factors known
o control sulfur metabolism is only fragmentary and derived
rom microarray experiments of mutants and/or overexpressing
lants [21,27,75]. It is thus impossible to distinguish between
irect and indirect effects. So far, data showing the in vivo binding
f a transcription factor to a promoter has been shown only for
Y5 and APR1 and APR2 isoforms of APS reductase [76]. This
nteraction has been also demonstrated in vitro for the MYB factors
n glucosinolate synthesis through transactivation assays [77].
he HY5 binding sites were identiﬁed by combining chromatin
mmunoprecipitation and DNA chip hybridization, revealing more
han 3000 gene targets [78]. These data as well as data from other
ranscription factors provide an important resource for ﬁnding
arget genes in oneı´s favourite pathway. They can be used in
ombination with transcriptome data to generate informative reg-
latory networks. Such networks would signiﬁcantly contribute
o a better mechanistic understanding of the control of sulfur
etabolism.
Such transcriptional networks may  have another important
unction. With the wider use of GWAS it is necessary to develop
 simple system to identify the most promising candidate genes
rom the GWAS output. Transcriptional networks can be of sig-
iﬁcant help, as demonstrated with the analysis of glucosinolate
ontent [56]. Thus, transcriptomics data may  assist with analyses
f GWAS of various traits and so help to ﬁnd genes responsible for
heir natural variation.
Sulfur nutrition interacts with the metabolism of nitrogen
nd carbon, but the signals and targets are unknown. The
mportant genes and signals may  be identiﬁed by combining
iverse datasets together into one framework and correlating the
nown physiological outputs, e.g. reduction in sulfate uptake in
itrate deﬁcient plants, with global expression and metabolomic
ata. The O-acetylserine cluster is the ﬁrst step in this direction,nce 241 (2015) 1–10
and a good example how diverse datasets can be processed and
aligned [28]. It seems that answering the questions of how sul-
fur metabolism is embedded in the general plant metabolism will
require extensive use of bioinformatics. Genome-scale metabolic
models, as discussed above, will certainly be very helpful for
answering this type of questions.
The function of many genes, even in Arabidopsis, is still
unknown. In addition, the substrate/product speciﬁcities of indi-
vidual isoforms in many multigene families have not been
characterized. The sulfotransferases and sulfurtransferases are a
good example of such gene families [79,80]. While ‘Big Data’ alone
will not solve the question of individual gene functions, they enable
formation of testable hypotheses that can guide experimental
approaches.
Another challenging problem is the assignment of function to
unknown genes regulated by speciﬁc conditions or transcription
factors. Intuitively, if a gene is highly upregulated, by some environ-
mental trigger, it should play a role in acclimation to this condition.
However, often the genes most highly induced have unknown
functions. For example, the cluster of genes induced by sulfate deﬁ-
ciency (Fig. 2) contains many unknown genes. It can be expected
that these genes have speciﬁc roles in response to sulfate deﬁciency,
but without understanding their function the value of such gene
lists is limited. The -glutamyl cyclotransferase 2;1, which has long
been part of such list of unknown genes, is a good stimulus to take
on the other unknown genes induced by sulfate deﬁciency. This
may  require new datasets, such as –omics data of corresponding
mutants or new bioinformatics tools to connect different datasets,
such as existing transcriptome and metabolome data and genome-
wide metabolic models. The ﬁrst steps in this direction have already
been made [81].
The use of the knowledge for plant improvement—seed yield,
stress resistance, as well as manipulated content of speciﬁc sul-
fur containing compounds is another question or rather a set of
questions to be addressed. For example, increased methionine
content in plant seed proteins is an important target for plant
improvement [82]. Different approaches have been used: “push”
to increase methionine synthesis or “pull” to express methionine
rich proteins, but the breakthrough has not been achieved, yet.
Other examples are two groups of secondary metabolites, glu-
cosinolates and alliins, because of their effects on human health
[83]. Glucosinolate content in some vegetables has been suc-
cessfully increased by breeding and genetic engineering, which
resulted in increased impact on cancer prevention [67]. On  the
other hand, modern cultivars of oilseed rape are bred to contain
minimal amount of glucosinolates in the seeds, as they reduce
the suitability of the rape press cakes for animal feeding [84]. To
optimize glucosinolate production, increase or decrease, depend-
ing on the crop, it is however necessary to understand the control of
metabolic ﬂuxes. As biosynthesis of glucosinolates, and any other
secondary metabolites, is complex, such analysis should be ideally
done in the framework of whole genome metabolic networks [85].
While such networks and models are available, their accuracy and
completeness is a matter of debate. Caution is particularly neces-
sary as a large number of unknown sulfur containing compounds
were found in Arabidopsis metabolome [86]. It seems therefore,
that ‘Big Data’ will have to become even bigger, but at the same
time, new ways to integrate already existing data will have to be
developed.Acknowledgements
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